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We study the radiative φ → K+K−γ decay within a phenomenological framework by considering the
contributions of the f0(980) and a0(980) scalar resonances. We consider the kaon-loop model and the
no-structure model to evaluate these contributions and compare the results obtained in two models.
© 2008 Elsevier B.V. Open access under CC BY license.1. Introduction
The low-mass scalar mesons are of fundamental importance in
hadron physics. On the one hand, they have an essential role in
understanding the theory and the phenomenology of low energy
QCD. On the other hand, these scalar mesons play an important
role in the mechanisms of different reactions in hadron physics,
in particular in hadron electrodynamics. One such category of re-
actions are the radiative decay processes of vector mesons into a
pair of pseudoscalar mesons and a photon.
It has been argued that the experimental and theoretical stud-
ies of the radiative decays φ → f0γ → ππγ and φ → a0γ → πηγ
can help to clarify the controversial subject of the nature and
the quark substructure of f0(980) and a0(980) scalar mesons in
hadron spectroscopy [1]. It has ﬁrst suggested by Achasov et al. [2]
that the mechanism of the scalar meson production in the ra-
diative decays φ → f0γ and φ → a0γ are the one-loop, or the
charged kaon-loop, mechanism where the scalar mesons couple
to the initial φ meson through a kaon-loop which can be sym-
bolized as φ → K+K− → f0γ and φ → K+K− → a0γ . Since the
vector meson dominance mechanism also makes a contribution to
the amplitudes of the reactions φ → ππγ and φ → πηγ [3], the
experimental data of these radiative reactions have been studied
using the φ → ( f0γ + πρ) → ππγ and φ → (a0γ + πρ) → πηγ
models for the reaction mechanisms. The confrontation of the the-
oretical analysis with the experimental data for the radiative de-
cays φ → ππγ and φ → πηγ along with the decays φ → f0γ and
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Open access under CC BY license.φ → a0γ have been used to provide evidence for the structure of
the scalar f0 and a0 mesons [4]. Although not generally accepted
yet, these analysis seem strongly to suggest the q2q¯2 structure for
scalar mesons [5]. Moreover, Achasov et al. [5] have shown that the
processes φ → πρ → ππγ and φ → πρ → πηγ have negligible
inﬂuence on the analysis of the reactions φ → ππγ and φ → πηγ
both through their direct contributions and through their interfer-
ence with the φ → f0γ → ππγ and φ → a0γ → πηγ amplitudes
where scalar mesons are coupled to the initial φ meson by the
charged kaon-loop, respectively, over a wide range of photon en-
ergy region. It should be mentioned that the sign of the interfer-
ence in these analysis are determined by ﬁtting the experimental
data using the values of the coupling constants suggested by the
q2q¯2 model.
The study of the rare radiative decay φ → K+K−γ can pro-
vide further evidence to elucidate the role of scalar mesons in the
mechanisms of the radiative decays of vector mesons [6]. The am-
plitude of this radiative decay has contributions coming from two
mechanisms. The ﬁrst one is the internal bremsstrahlung where
one of the charged kaons from the decay φ → K+K− emits a
photon, and the second one is the structural radiation which in-
volves the scalar mesons f0 and a0 in the intermediate state as
φ → ( f0γ + a0γ ) → K+K−γ . The bremsstrahlung amplitude is
well described by quantum electrodynamics, and the relative sign
between this amplitude and the φ → ( f0γ + a0γ ) → K+K−γ am-
plitude in the charged kaon-loop model for the mechanism of the
intermediate state scalar meson contribution is ﬁxed, therefore the
kaon-loop model predicts a deﬁnite interference between these
two amplitudes for the radiative φ → K+K−γ decay. However,
there is a recently proposed no-structure formulation [7] where
the coupling describing the φ f0γ and φa0γ vertices is point like.
This no-structure, or the point-coupling, model has been intro-
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e+e− → P P ′γ cross sections where P , P ′ denote pseudoscalar
mesons, because a possibly model-independent description of all
the components of these reactions are very valuable in order to
obtain information about the low-mass scalar mesons.
In this work, we attempt to study the radiative φ → K+K−γ
decay using both the kaon-loop model, and the point-coupling or
the no-structure model for the coupling of the scalar f0 and a0
mesons in the intermediate state to the initial vector φ meson.
We calculate the photon spectra, the kaon energy spectra, and the
resulting branching ratios in both approaches, and compare the re-
sults.
2. Formalism
The invariant amplitude M representing the radiative φ(p) →
K+(q1) + K−(q2) + γ (k) decay, where we indicate the four-
momenta of the particles, can be taken to be a function of K+
meson energy E1 and the photon energy Eγ in the rest frame of
the decaying φ meson. The invariant amplitude M(E1, Eγ ) will
be calculated using two approaches utilizing the kaon-loop model
(KL) and the no-structure model (NS) for the contributions of the
scalar mesons.
In terms of the invariant amplitude M(E1, Eγ ) the differential
decay probability for an unpolarized φ meson at rest is given by
dΓ
dEγ dE1
= 1
(2π)3
1
8Mφ
|M|2, (1)
where we perform an average over the spin states of φ meson and
a sum over the polarization states of the photon. The decay width
Γ (φ → K+K−γ ) is obtained by integration
Γ =
Eγ ,max∫
Eγ ,min
dEγ
E1,max∫
E1,min
dE1
dΓ
dEγ dE1
. (2)
The maximum photon energy Eγ ,max is given as Eγ ,max =
(M2φ − 4M2K )/2Mφ which is equal to Eγ ,max = 31.5 MeV. The min-
imum photon energy is kinematically equal to zero, however in
our calculation we consider the experimentally detected minimum
photon energy which we use as Eγ ,min = 5 MeV and 10 MeV. The
maximum and minimum values for K+ meson energy E1 are given
by
E1max,1min = 1
2(2Eγ Mφ − M2φ)
{−2E2γ Mφ + 3Eγ M2φ − M3φ
± Eγ
√(−2Eγ Mφ + M2φ)(−2Eγ Mφ + M2φ − 4M2K )}.
The invariant amplitude M(E1, Eγ ) can be obtained from the
Feynman diagrams describing the mechanism of the φ → K+K−γ
decay in the particular (KL) or (NS) approach. The intermediate
scalar meson states in these diagrams are represented by the scalar
meson propagator D(q) = i/(q2 − M2s + i	) in the corresponding
amplitude. Since the scalar mesons f0 and a0 are unstable with a
ﬁnite lifetime and they are broad, we use the Breit–Wigner pre-
scription in the propagators of these resonances. In the scalar me-
son propagators we make the replacement q2 − M2s → q2 − M2s +
i
√
q2Γs(q2) where the energy dependent widths for these scalar
resonances are given as
Γ f0
(
q2
)= g2f0K+K−
16π
√
q2
√
1− 4M
2
K+
q2
θ
(√
q2 − 2MK+
)
+
g2
f0K 0 K¯ 0
16π
√
q2
√
1− 4M
2
K 0
q2
θ
(√
q2 − 2MK 0
)+ 2
3
Γ f0
M f0√
q2
√
1− 4M
2
π0
q2√
1− 4M
2
π0
M2f0
θ
(√
q2 − 2Mπ0
)
, (3)
Γa0
(
q2
)= g2a0K+K−
16π
√
q2
√
1− 4M
2
K+
q2
θ
(√
q2 − 2MK+
)
+
g2
a0K 0 K¯ 0
16π
√
q2
√
1− 4M
2
K 0
q2
θ
(√
q2 − 2MK 0
)
+ Γa0
Ma0√
q2
√
[1− (Mπ0+Mη)2
q2
][1− (Mπ0−Mη)2
q2
]√
[1− (Mπ0+Mη)2
M2a0
][1− (Mπ0−Mη)2
M2a0
]
× θ(√q2 − (Mπ0 + Mη)), (4)
and we use the experimental values for the widths Γ f0 and Γa0 of
the scalar resonances in the above expressions [8].
In the kaon-loop model, the processes contributing to the φ →
K+K−γ amplitude are represented diagrammatically in Fig. 1.
The Feynman diagrams shown in Fig. 1(a), (b), (c) correspond to
the internal bremsstrahlung amplitude MB where the diagram in
Fig. 1(c) is added to establish gauge invariance. The contribution
MKL coming from the scalar mesons taken into account through
the coupling of the scalar mesons to φ meson by a charged kaon-
loop is obtained from the Feynman diagrams shown in Fig. 1(d),
(e), (f) where the last diagram results from the minimal coupling
for gauge invariance. Therefore, in the kaon-loop model the ampli-
tude M(φ → K+K−γ ) can be written as M=MB +MKL where
the relative sign between MB and MKL is ﬁxed.
The amplitude MB can be calculated using quantum electrody-
namics. In the evaluation of the amplitude MKL we describe the
φK+K− vertex phenomenologically by the effective Lagrangian
LφK+K− = −igφK+K−φμ
(
K+∂μK− − K−∂μK+
)
. (5)
We then use the experimental value for the branching ratio
B(φ → K+K−) [8] to determine the coupling constant gφK+K− as
gφK+K− = 4.47. Similarly, we describe the SK+K− vertex where
S = f0 or a0 by the phenomenological Lagrangian
LSK+K− = −gSK+K− K+K−S. (6)
We therefore obtain the amplitude MKL coming from the con-
tribution of scalar mesons in the kaon-loop model to the decay
φ → K+K−γ as
MKL
(
φ → K+K−γ )
= − egφK+K−
i2π2M2K+
[
(p · k)(	 · u) − (p · 	)(k · u)]
× I(a,b)M(K+K− → K+K−) (7)
where (u, p) and (	,k) are the polarization vector and four mo-
menta of the φ meson and the photon, respectively. The invariant
loop function I(a,b) has been calculated [9] in the form
I(a,b) = 1
2(a − b) −
2
(a − b)2
[
f
(
1
b
)
− f
(
1
a
)]
+ a
(a − b)2
[
g
(
1
b
)
− g
(
1
a
)]
, (8)
f (x) =
{−[arcsin( 1
2
√
x
)]2, x > 14 ,
1 [ln( η+ ) − iπ ]2, x < 1 ,4 η− 4
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⎧⎨
⎩
(4x− 1) 12 arcsin( 1
2
√
x
), x > 14 ,
1
2 (1− 4x)
1
2 [ln( η+η− ) − iπ ], x < 14 ,
η± = 1
2x
[
1± (1− 4x) 12 ] (9)
where a = M2φ/M2K+ , b = M2K K /M2K+ and M2K K = (p − k)2 = q2
is the invariant mass of the ﬁnal K+K− system. The amplitude
M(K+K− → K+K−) contains the scalar f0 and a0 resonances and
it is given by
M(K+K− → K+K−)= −g2SK+K− DS(q2), (10)
where DS (q2) is the propagator of the scalar resonances f0 and a0
obtained with the prescription outlined in Eqs. (3) and (4), respec-
tively.
The decay rate Γ (φ → Sγ ) of the radiative decay φ → Sγ can
be obtained in the kaon-loop model as
Γ (φ → Sγ ) =
αg2
φK+K− g
2
SK+K−
3(2π)4
Eγ
M2φ
∣∣(a − b)I(a,b)∣∣2, (11)
where in the evaluation of the loop function I(a,b) the param-
eter b is now taken to be b = M2s /M2K+ . We then obtain the
coupling constants g f0K+K− and ga0K+K− by utilizing Eq. (11) and
the experimental values of the branching ratios B(φ → f0γ ) and
B(φ → a0γ ) [8] as g f0K+K− = 4.60 GeV and ga0K+K− = 2.23 GeV.
No-structure model (NS), or point-coupling model, involves the
direct coupling of the intermediate state scalar mesons to the ini-
tial vector φ meson. Therefore, in this model the mechanism of the
radiative φ → K+K−γ decay is described by Feynman diagrams
shown in Fig. 2. The amplitude M of the decay is then obtained as
M=MB +MNS where the amplitude MB characterizing the in-
ternal bremsstrahlung mechanism is calculated using the diagrams
given Fig. 2(a), (b), (c), and the amplitude MNS characterizing
the contribution of the scalar mesons f0 and a0 in the interme-
diate state are calculated from the diagrams of Fig. 2(d), (e). In
the evaluation of the relevant Feynman diagrams we describe the
φSγ -vertex by the gauge invariant effective Lagrangian
LφSγ = e
Mφ
gφSγ ∂
μφν [∂μAν − ∂ν Aμ]S, (12)
where φμ denotes the φ meson ﬁeld, Aμ is the photon ﬁeld,
S denotes scalar meson f0 or a0 ﬁeld, and gφSγ is the couplingFig. 2. Feynman diagrams for the radiative φ → K+K−γ decay in the no-structure
model.
constant characterizing the point-coupling of φ meson, scalar me-
son and the photon. The decay rate Γ (φ → Sγ ) resulting from this
Lagrangian is given as
Γ (φ → Sγ ) = α
24π
g2φSγ
(M2φ − M2s )3
M5φ
. (13)
We then use the experimental branching ratios B(φ → f0γ ) and
B(φ → a0γ ) [8], and obtain the coupling constants gφ f0γ and
gφa0γ as gφ f0γ = −3.18 and gφa0γ = −1.86. We note that if
isoscalar σ meson, isoscalar f0 meson and isovector a0 meson are
assigned to a unitary SU(3) nonet, then it follows that gφ f0γ < 0
and gφa0γ < 0 [10]. However, since there are no direct experi-
mental information that we can employ to determine the point-
coupling of scalar mesons to a charged K+K− kaon ﬁnal state
we use the results for these coupling constants that are obtained
through QCD sum rules techniques. The values of the coupling
constants g f0K+K− and ga0K+K− determined through studies us-
ing light cone QCD sum rule method are g f0K+K− = 7.14 GeV [11],
and ga0K+K− = −5.08 GeV [12].
372 A. Gokalp et al. / Physics Letters B 671 (2009) 369–373Fig. 3. The photon spectra for the decay width of φ → K+K−γ in the kaon-loop model (left) in the no-structure model (right). The contributions of different terms are
indicated.3. Results and discussion
The amplitude M of the radiative φ → K+K−γ decay is of the
form M= MB +MS where MB is the amplitude describing the
internal bremsstrahlung and MS is the amplitude characterizing
the contribution of the f0 and a0 scalar mesons in the interme-
diate state to the reaction mechanism. This contribution is repre-
sented by the amplitude MKL in the kaon-loop model and by the
amplitude MNS in the no-structure, or the point-coupling, model.
The crucial difference between these f0 and a0 intermediate state
amplitudes is that MKL in the kaon-loop model depends quadrat-
ically on the coupling constants g f0K+K− and ga0K+K− , whereasMNS of the no-structure model depends linearly on the coupling
constants g f0K+K− and ga0K+K− . Therefore, the relative sign be-
tween these coupling constants has a profound effect for the con-
tribution of f0 and a0 scalar meson amplitudes to the total ampli-
tude of the radiative φ → K+K−γ decay, and thus to the physical
observables of this reaction calculated using this amplitude.
In Fig. 3 we show the photon spectra of the decay width of the
radiative φ → K+K−γ decay calculated using the kaon-loop and
the no-structure models for including the effects of the interme-
diate state f0 and a0 scalar mesons. The contributions of internal
bremsstrahlung and structural radiation amplitude calculated with
the f0 and a0 scalar meson intermediate states as well as the
contribution of the interference of the bremsstrahlung amplitude
with the total structural radiation amplitude of the both scalar
mesons are shown as a function of photon energy. In the ﬁgures
we use the minimum photon energy as Eγ ,min = 10 MeV. In the
kaon-loop model, the contribution of the scalar meson amplitudes
becomes increasingly important in the region of high photon en-
ergies and the interference is constructive, therefore in the region
of high photon energies the shape of the photon spectra curve is
considerably modiﬁed and it is quite different from that obtained
using only the bremsstrahlung amplitude. On the other hand, in
the no-structure model the contribution of scalar mesons is not
as pronounced so that the shape of the photon spectra does not
deviate signiﬁcantly from that of the bremsstrahlung mechanism.
For the branching ratio of the radiative φ → K+K−γ de-
cay we obtain the values B(φ → K+K−γ ) = 4.95 × 10−5 in the
kaon-loop model and B(φ → K+K−γ ) = 3.78 × 10−5 in the no-
structure model for the minimum photon energy Eγ ,min = 10 MeV.
These values become B(φ → K+K−γ ) = 1.05 × 10−4 and B(φ →
K+K−γ ) = 9.30× 10−5 for the minimum photon energy Eγ ,min =5 MeV in the kaon-loop model and in the no-structure model, re-
spectively.
In order to test the degree of dependence of the observa-
tions we note about the no-structure model on the coupling con-
stants we use, we repeat our calculations using the no-structure
model with the coupling constants that are obtained through ex-
perimental ﬁts. The KLOE Collaboration has studied the decays
φ → π+π−γ [14] and φ → πηγ [15], and using the no-structure
model to ﬁt the experimental spectrum of the relevant decays
has extracted the coupling constants of f0 meson as g f0K+K− =
1.73 GeV, |gφ f0γ | = 1.48 GeV−1, and the coupling constants of
a0 meson as ga0K+K− = 1.57 GeV, |gφa0γ | = 1.61 GeV−1. We use
these coupling constants in our calculation of φ → K+K−γ decay
using the no-structure model as gφ f0γ = −1.48M f0 and gφa0γ =−1.61Ma0 where we multiply the values determined by the KLOE
group by the appropriate masses to conﬁrm with our convention
of Eq. (12). Our choice of the signs for the coupling constants
are in accordance with the assumption that the scalar mesons
from a unitary SU(3) nonet [10]. Furthermore, we consider two
different relative sign choices between the coupling constants
g f0K+K− and ga0K+K− , one where we choose g f0K+K− > 0 and
ga0K+K− < 0 which is the sign consistent with the assumption
that f0 and a0 scalar mesons have q2q¯2 structure [2,13], and the
other g f0K+K− > 0 and ga0K+K− > 0 if the mesons have qq¯ struc-
ture [2,16]. The results of our calculation for the photon spectra
for the decay width of the φ → K+K−γ decay in the no-structure
model for these two sign conventions for the coupling constants
g f0K+K− and ga0K+K− are shown in Fig. 4. We note that in the
no-structure model with these different coupling constants our
earlier conclusion does not change, that is in this model for the
reaction mechanism of the φ → K+K−γ decay, the contributions
coming from the intermediate scalar meson states do not mod-
ify the bremsstrahlung spectrum in a signiﬁcant way. Moreover,
the small modiﬁcation of the spectrum will not probably allow a
possible distinction between q2q¯2 and qq¯ models for the structure
of the scalar mesons. The resulting branching ratios are B(φ →
K+K−γ ) = 9.17 × 10−5 and B(φ → K+K−γ ) = 9.38 × 10−5 for
Eγ ,min = 5 MeV, and B(φ → K+K−γ ) = 3.66 × 10−5 and B(φ →
K+K−γ ) = 3.88 × 10−5 for Eγ ,min = 10 MeV for the signs of the
coupling constants g f0K+K− > 0, ga0K+K− < 0 and g f0K+K− > 0,
ga0K+K− > 0, respectively.
In this work, we study the role of f0(980) and a0(980) scalar
mesons in the reaction mechanism of the radiative φ → K+K−γ
A. Gokalp et al. / Physics Letters B 671 (2009) 369–373 373Fig. 4. The photon spectra for the decay width of φ → K+K−γ in the no-structure model with g f0K+K− > 0, ga0K+K− < 0 (left) and g f0K+K− > 0, ga0K+K− > 0 (right). The
contributions of different terms are indicated.decay using the kaon-loop model and the no-structure model for
the contributions of the scalar mesons in the intermediate states.
The values we obtain for the branching ratios in two models are
not suﬃciently different from each other as to allow an experi-
mental measurement of the branching ratio to distinguish between
two models. On the other hand, the photon spectrum is sensi-
tive to the model that is used, and in the kaon-loop model the
bremsstrahlung spectrum is considerably modiﬁed by the contribu-
tions coming from the scalar meson intermediate states, whereas
this modiﬁcation is not signiﬁcant in the no-structure model. How-
ever, since the photon spectrum for the rare decay φ → K+K−γ is
very diﬃcult to measure experimentally, this particular decay does
not seem to have the potential to provide information about the
role of scalar mesons in the reaction mechanisms of such reactions
in hadron electrodynamics.
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